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basal	 area	 to	 enhance	 both	 taxonomic	 and	 functional	 diversity	 in	 managed	 pine	
forests.
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1  | INTRODUC TION
Planted	 pine	 forests	 comprise	 the	 dominant	 forest	 type	 in	 the	
Southeastern	 United	 States.	 Although	 most	 planted	 pine	 forests	
are	managed	for	commercial	wood	production,	there	have	been	in-










known	 to	 strongly	 affect	 avian	 species.	 Basal	 area	 is	 considered	








of	 trees	 (Allen,	 Bernal,	 &	Moulton,	 1996;	Melchiors,	 1991).	 It	 can	
simplify	habitat	 structure	 (i.e.,	 lower	 structural	 diversity)	 and	 thus	
reduce	overall	habitat	quality,	especially	for	species	preferring	open	
forests	 such	 as	 early	 successional	 species,	 shrubland	 species,	 or	





hardwood	 forests	 or	 mixed	 pine–hardwood	 forests	 (Canterbury,	
Martin,	Petit,	Petit,	&	Bradford,	2000;	McDermott	&	Wood,	2011;	





The	 species–area	 relationship	 or	 the	 diversity–area	 relation-
ship	 is	 widely	 discussed	 in	 ecology	 for	 decades	 although	 it	 has	
been	 rarely	 explored	 in	 southern	 pine	 forests.	 Positive	 relation-
ship	between	species	richness	or	abundance	and	the	size	of	hab-
itat	 patch	 (here,	 patch	 is	 defined	 as	 “a	 surface	 area	 that	 differs	
from	its	surroundings	in	nature	or	appearance”;	Turner	&	Gardner,	
2015)	 has	 been	 well	 documented	 in	 other	 systems	 (Arrhenius,	
1921;	MacArthur	&	Wilson,	1963;	Rosenzweig,	1995	 for	 review;	
Hill	 &	Curran,	 2003;	 Lindenmayer	&	 Fischer,	 2006).	However,	 it	





sampled	 more	 and	 thus	 more	 individuals	 and	 species	 would	 be	
detected)	and	due	to	reduction	 in	extinction	risk	and	 increase	 in	
immigration.	 The	 habitat	 diversity	 or	 habitat	 heterogeneity	 hy-
pothesis	assumes	that	as	area	increases,	the	number	of	different	
habitats,	which	could	be	used	by	different	species,	increases	and	




Marini,	 Bommarco,	 Fontana,	 &	 Battisti,	 2010;	 Triantis,	Mylonas,	
Lika,	 &	 Vardinoyannis,	 2003).	 The	 species–area	 relationship	 can	
also	 vary	 with	 species	 traits	 (especially,	 dispersal	 ability	 or	 mo-
bility),	matrix	 type	 (environmental	 features	surrounding	a	patch),	
fragmentation,	 connectivity,	 and	 so	 on	 (Freeman,	 Oliver,	 &	 van	
Aarde,	2018;	Marini	et	al.,	2010;	Scheffer	et	al.,	2006).	However,	
it	remains	speculative	how	habitat	structure	or	habitat	quality	af-
fects	 the	species–area	 relationship	 in	birds	 (Blake	&	Karr,	1987).	







Taxonomic	 biodiversity,	 especially	 species	 richness,	 is	 com-
monly	 used	 as	 a	 surrogate	 for	 biodiversity	 in	 ecological	 studies.	
However,	there	is	a	growing	consensus	that	inferences	solely	based	
on	 taxonomic	diversity	 can	be	misled.	Considering	other	 compo-
nents	of	biodiversity	 such	as	phylogenetic,	 genetic,	or	 functional	
diversity	is	critical	to	improve	our	understanding	on	ecological	pro-
cesses	 associated	with	 biodiversity	 (Mouchet,	Villéger,	Mason,	&	
Mouillot,	2010;	Pavoine	&	Bonsall,	2011;	Webb,	Ackerly,	McPeek,	
&	 Donoghue,	 2002).	 As	 a	 trait-	based	 measure	 of	 biodiversity,	
functional	diversity	quantifies	the	diversity	or	dissimilarity	in	mor-
phological,	 physiological,	 and	 ecological	 traits	 among	 species	 or	




or	 ecosystem	 services,	 and	 prediction	 of	 ecosystem	 functioning	
(Cadotte,	 Carscadden,	 &	 Mirotchnick,	 2011;	 Flynn	 et	al.,	 2009;	
Gagic	 et	al.,	 2015;	 Luck,	 Carter,	 &	 Smallbone,	 2013;	 Mouillot,	




convey	 different	 information	 about	 communities	 than	 taxonomic	
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diversity	 and	 even	 between	 functional	 diversity	 indices	 (Ding,	




We	 investigated	 the	 relationship	 between	 avian	 diversity	
(species	richness	and	functional	diversity),	patch	size	(area),	and	
basal	area	in	planted	mature	pine	forests	in	central-	east	Georgia.	
We	 used	 basal	 area	 as	 a	 surrogate	 for	 habitat	 or	 vegetation	
structure	and	as	a	measure	of	habitat	quality	within	a	pine	patch.	
Our	goal	was	to	determine	(a)	what	levels	of	basal	area	are	nec-





would	 decrease	 with	 increasing	 basal	 area	 because	 high	 basal	
area	could	reduce	structural	diversity	of	vegetation	(i.e.,	habitat	
quality)	within	a	stand,	especially	the	amount	of	understory	her-
baceous	 vegetation	 cover	 by	 creating	 too	 dense	 canopy	 cover.	
We	also	expected	that	the	effect	of	patch	size	on	avian	diversity	




Our	 study	 was	 conducted	 in	 pine	 stands	 (hereafter	 patches)	 in	 the	
U.S.	Army	Fort	Gordon,	Georgia	(Figure	1).	It	is	located	in	the	Sandhills	







old	pine	patches	 (>75	years)	are	 relatively	 rare	and	most	pine	patches	
are	young	 (<20	years)	 or	mid-	aged	 (20–75	years).	Overstory	 and	mid-
story	of	hardwood	forest	and	mixed	forest	largely	consist	of	sweetgum	
(Liquidambar styraciflua),	sassafras	(Sassafras albidum),	black	cherry	(Prunus 
serotina),	 flowering	 dogwood	 (Cornus florida),	 and	 oak	 (Quercus	 spp.).	
Sparkleberry	 (Vaccinium arboreum)	 is	also	commonly	found	in	the	mid-
story.	The	understory	is	dominated	by	yellow	jessamine	(Gelsemium sem-
pervirens),	muscadine	grapes	(Muscadinia rotundifolia),	greenbrier	(Smilax 
spp.),	 brambles	 (Rubusspp.),	 blueberry	 (Vaccinium	 spp.),	 broomsedge	

















from	aerial	 photos	 and	ground	 truthing.	Patch	 size	was	 calculated	






To	determine	basal	 area	 (BA;	m2/ha)	of	 sample	patches	and	of	
adjacent	patches,	we	used	 inventory	data	of	Fort	Gordon.	The	 in-
ventory	data	were	collected	using	the	10	BAF	variable	plot	method	
at	 >3	 plots/stand.	 These	 data	 included	 both	 softwoods	 and	 hard-
woods,	but	hardwoods	were	minor	in	our	sample	patches;	therefore,	
we	assumed	that	 the	BA	data	of	Fort	Gordon	could	 represent	 the	
BA	of	 softwoods.	 The	 inventory	 data	 grouped	 all	 stands	 into	 five	
BA	classes.	We	regrouped	them	into	three	classes	because	two	of	
the	classes	were	rare:	OS,	overstocked	(≥23	m2/ha);	FS,	dense/fully	
stocked	 (13.8	m2/ha	≤	BA	<	23	m2/ha);	 MS,	 moderately/sparsely	
stocked	 (2.3	m2/ha	≤	BA	<	13.8	m2/ha).	 We	 also	 verified	 the	 BA	
class	of	patches,	particularly	those	selected	for	our	study	using	our	
vegetation	data	collected	in	2011	(Lee,	2013).	There	was	good	con-




2.3 | Bird surveys and vegetation surveys
We	 performed	 bird	 surveys	 three	 times	 during	 May–June	 2011,	
using	 fixed-	radius	 point	 counts	 (Ralph,	 Geupel,	 Pyle,	 Martin,	 &	
DeSante,	1993).	At	each	point,	an	observer	recorded	species	seen	
or	heard	within	a	50	m	radius	of	a	sampling	point	during	10-	min	pe-






To	 explore	 variation	 in	 local	 vegetation	 characteristics	 (per-




from	a	 sample	point.	Within	each	of	 the	 circular	plots,	 vegetation	
data	were	collected	using	a	protocol	modified	from	Point	Reyes	Bird	
Observatory	 (PRBO)	Point	Count	Veggie	 (Relevé)	Protocol	 (http://
www.prbo.org/cadc/songbird/pc/relevepr.html).	 Percent	 cover	 of	





2.4 | Taxonomic and functional diversity
We	 included	 all	 bird	 species	 (except	 flyovers,	 nocturnal	 species,	
















quantifies	 the	 volume	 of	 functional	 space	 occupied	 by	 species.	
Functional	evenness	(FEve)	measures	the	regularity	of	species’	abun-
dances	 in	 functional	space.	Functional	divergence	 (FDiv)	describes	





Information	 Appendix	 S1):	 body	 mass,	 food	 type	 (insects/arthro-
pods,	 seeds/grains,	 all	 types	 [omnivorous]),	 foraging	 behavior	 and	
location	(foliage	gleaning,	bark	gleaning,	ground	foraging,	aerial	for-
aging),	and	migratory	status	(resident	or	migrant).	While	body	mass	
was	 a	 continuous	 trait	 type,	 others	 were	 binary	 trait	 types	 (e.g.,	
insects/arthropods	=	1	if	the	main	diet	of	species	is	insects	and	in-
sects/arthropods	=	0	otherwise).	Traits	of	48	species	were	obtained	
from	 “The	Birds	 of	North	America”	 online	 database	 (Poole,	 2005)	
and	Ehrlich	et	al.	(1988)	and	from	Dunning	(2008)	for	missing	body	
mass	 data.	We	 computed	 functional	 diversity	 indices	 using	 dbFD	
function	 in	 the	 FD	 package	 (Laliberté,	 Legendre,	&	 Shipley,	 2014)	
in	R	3.4.1	 (R	Core	Team,	2017),	which	created	 the	Gower	dissimi-
larity	matrix	from	a	trait	matrix	of	48	species,	performed	a	principal	
coordinate	analysis	 (PCoA)	with	 the	distance	matrix,	and	used	 the	
































calculated	 the	 relative	proportion	of	 land	cover	using	FRAGSTATS	
3.3	(McGarigal,	Cushman,	Neel,	&	Ene,	2002).	A	total	of	85	points	








log-	transformed	 percent	 cover	 of	MS	 stands	within	 a	 1	km	 radius	
area	 surrounding	 a	 sample	point	 (logMS)	 as	 explanatory	 variables.	
We	added	 logMS	to	the	model	 to	take	 into	account	differences	 in	
matrix	quality	(basal	area)	surrounding	a	sample	patch.	Within	a	1	km	
radius	 area,	 percent	 cover	 of	 MS	 was	 negatively	 correlated	 with	




size	 and	 total	 richness,	 and	 log(x	+	1)-	transformed	 the	 richness	 of	
pine–grassland	 species.	 If	we	did	not	 find	 a	 significant	 interaction	





habitat	 condition.	We	 also	 determined	whether	 SES.FRic	 value	 of	









&	Carl,	 2008).	We	chose	 the	SAR	model	 that	 produced	 the	 lower	
Akaike	 information	 criterion	 (AIC)	 value	 (Burnham	 &	 Anderson,	








(Figure	2):	 tree	 layer,	 Kruskal–Wallis	 χ2	=	48.55,	 p	<	0.001;	 herb	
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grasses	and	forbs	on	the	ground	was	also	different	between	all	pairs	




est	at	MS	patches	 (Figure	2).	These	patterns	 suggest	 that	BA	can	




to	basal	 area	 (Table	1):	 greater	 values	 at	MS	patches	 compared	 to	
OS	or	FS	patches,	but	no	significant	difference	between	OS	and	FS	












similar	 patterns,	 a	 difference	 in	 the	 regression	 slope	was	 found	
between	OS	and	FS	patches.	All	SES.FRic	values	of	FS	patches	fell	





























Intercept SIZEa FS MS logMS SIZE × FS SIZE × MS
Total	richnessa,b 2.208 −0.06 −0.234 −0.41 0.036 0.153 0.293
Pine–grasslanda,b 0.671 0.041 0.054 0.321 0.120
FRicc 0.225 −0.062 −0.211 −0.282 0.015 0.112 0.185
SES.FRic 0.719 −0.526 −0.166 −1.202 0.097 0.718 0.642
FEve 0.765 −0.006 0.009 0.010 −0.003
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functionally	unique	species	than	communities	at	other	levels	of	basal	
area.	Conversely,	dissimilarity	in	functional	traits	between	abundant	






4.1 | Effects of basal area and patch size on 
taxonomic diversity
Relationship	 between	 basal	 area	 and	 avian	 species	 richness	 can	
vary	depending	on	species	or	a	group	of	species	of	 interest;	how-





was	most	 abundant	 at	 closed	 canopy	 (control	 and	25%	basal	 area	
removal	plots),	whereas	Indigo	Bunting	(Passerina cyanea;	classified	
as	early	successional	species	 in	 their	study)	was	most	abundant	at	
open	canopy	 (≥50%	basal	 area	 removal	plots).	 Some	early	 succes-
sional	species	such	as	Blue	Grosbeak	(Passerina caerulea)	and	Prairie	
Warbler	 (Setophaga discolor)	 were	 observed	 only	 at	 open	 canopy	
sites.	 Similar	 responses	 of	 some	 of	 the	 species	were	 described	 in	
the	research	that	compared	species	abundance	or	 richness	among	






Although	 high	 basal	 area	 is	 detrimental	 to	 species	 inhabiting	






























level	of	basal	 area.	Moreover,	 it	 should	be	noted	 that	MS	patches	






tween	 patch	 size	 and	 avian	 species	 richness	 (Bellamy,	 Hinsley,	 &	
Newton,	1996;	Blake	&	Karr,	1987;	McIntype,	1995;	Turner,	Gerwin,	
&	Lancia,	2002;	Yamaura,	Kawahara,	Iida,	&	Ozaki,	2008).	In	partic-
ular,	 a	 significant	 effect	 of	 patch	 size	 is	 often	observed	 in	 habitat	
specialists	(Matthews,	Eden	Cottee-	Jones,	&	Whittaker,	2014).	Blake	
and	Karr	(1987)	and	McIntype	(1995)	compared	species	richness	and	
composition	 among	 different	 sizes	 of	 woodlots	 in	 an	 agricultural	




habitat	 specialists	 such	 as	 shrubland	 or	 woodland	 birds	 (Ambuel	





Unlike	 these	 studies,	we	 did	 not	 find	 a	 significant	 effect	 of	 patch	
size	on	the	richness	of	pine–grassland	species	that	are	habitat	spe-












surrounded	 by	 other	 pine	 stands,	 which	 can	 be	 less	 inhospitable	
compared	to	agricultural	lands.
4.2 | Effects of basal area and patch size on 
functional diversity
Among	three	functional	diversity	 indices,	FRic	showed	similar	pat-
terns	 observed	 in	 total	 species	 richness:	 a	 positive	 response	 to	
increasing	the	size	of	MS	patches	compared	to	that	of	OS	patches.	
That	 is,	 a	 bird	 community	 at	MS	 patches	was	 composed	 of	more	
unique	species	than	a	community	at	OS	patches,	particularly	when	
the	patch	size	was	 large.	However,	 regardless	of	 the	 level	of	basal	
area,	 FRic	 was	 positively	 correlated	 with	 species	 richness	 as	 re-




and	 the	 tendency	 of	 decreasing	 SES.FRic	with	 increasing	 the	 size	
of	OS	patches,	suggesting	that	 the	 interaction	between	patch	size	
and	 basal	 area	 has	 an	 impact	 on	 functional	 richness	 independent	
of	changes	 in	species	richness.	 It	 is	also	noteworthy	that	although	











important	 role	of	 limiting	similarity.	 In	our	study,	moderate	or	 low	
level	of	basal	area	(MS)	could	provide	different	resources	or	habitats	
for	 birds	 by	 forming	 heterogeneous	 vegetation	 structure,	 particu-
larly	 increasing	vegetation	 cover	 at	herb	 layer	 and	on	 the	ground,	







tributed	 in	 functional	 space	and	abundances	among	 those	species	
are	identical	(Mason,	Mouillot,	Lee,	&	Wilson,	2005;	Mouchet	et	al.,	
2010;	Schleuter	et	al.,	2010).	It	is	also	used	to	estimate	whether	re-
sources	 are	 under-	 or	 over-utilized,	 which	 influences	 productivity	











species	 and	 other	 species	 and	 thus	 low	 resource	 competition	 be-
tween	them	(Mason	et	al.,	2005;	Mouchet	et	al.,	2010).	As	a	result,	
resource	use	can	be	more	efficient	and	ecosystem	functioning	may	
     |  6917LEE and CaRROLL




4.3 | Species–area relationship and effects of 
habitat quality in pine forests







research	 has	 focused	 on	 the	 number	 of	 different	 habitats	 (largely	
composition)	as	a	measure	of	habitat	diversity.	Few	studies	have	ex-
plored	the	combined	effects	of	area	and	habitat	quality	or	habitat	




structural	 diversity	 (i.e.,	 high-	quality	 habitat)	 than	 at	 low	 habitat	
structural	diversity	(i.e.,	low	quality	habitat).	Our	results	were	similar	
to	their	findings	and	partly	consistent	with	the	result	of	Kallimanis	
et	al.	 (2008).	As	patch	size	 increased,	 total	 richness	 in	MS	patches	











The	 species–area	 relationship	 can	 exhibit	 diverse	 patterns	
when	 species’	 trait	 (including	 functional	 diversity,	 functional/
ecological	 guilds),	 evolutionary	 lineage	 (e.g.,	 phylogenetic	 diver-










species	 richness	 than	 area	 and	 mobility	 in	 orthopteran	 species,	
whereas	 Bell	 et	al.	 (2017)	 reported	 more	 sensitive	 responses	
of	 ground	 beetle	 species	with	 large	 body	 size	 and	 low	dispersal	
ability	 to	changes	 in	area.	These	diverse	patterns	suggest	 that	 it	
is	important	to	approach	the	species–area	or	diversity–area	rela-
tionship	 from	multiperspectives	by	 taking	 into	account	different	









which	was	 similar	 to	 previous	 studies	 focused	on	 the	 functional	
diversity–area	 relationship	 (Ding	 et	al.,	 2013;	 Karadimou	 et	al.,	
2016).	 Although	 the	 functional	 diversity–area	 relationship	 was	
vague	 at	 FS	 patches,	 there	was	 a	 significant	 pattern	 at	MS	 and	





Although	 the	 findings	 of	 our	 study	 provide	 insights	 on	 how	





possible	 variations	 in	 landscape	 characteristics	 at	 a	 larger	 scale.	
Considering	the	effects	of	the	percent	cover	of	MS	stands	within	
a	landscape,	smaller-	sized	patches	can	still	play	an	important	role	
in	 the	 conservation	 of	 avian	 species	 when	 connectivity	 is	 high.	
However,	 if	 land	cover	or	other	habitat	 types	which	were	minor	





shape	affects	 the	amount	of	 the	edge	of	 the	patch.	As	complex-
ity	of	patch	shape	increases,	the	amount	of	edge	increases.	More	
complex	shapes	are	often	observed	at	larger	patches	(e.g.,	Ewers	
&	Didham,	 2007;	Krummel,	Gardner,	O’Neill,	 &	Coleman,	 1987).	
There	 is	 a	 trade-	off	 between	 shape	 complexity	 and	 patch	 size.	
As	 patch	 shape	 is	 often	 relatively	 uniform	 in	most	 planted	 pine	




5  | MANAGEMENT IMPLIC ATIONS
Our	findings	provide	valuable	information	for	future	forest	manage-
ment	at	Fort	Gordon	and	mature	pine	forest	dominant	landscapes,	










most	 stands	at	Fort	Gordon	are	overstocked	 (OS)	or	 fully/densely	
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